Powder mixture of 50 mass % of barium titanate (BaTiO 3 ) and 50 mass % of iron (Fe) 
Introduction
Correlation of magnetic and electric phenomena brings together few effects that attracted considerably research attention in last decade (magnetoresistance MR [1] [2] [3] , magnetoimpedance MI [4] [5] [6] and dc Joule heating [7] [8] [9] ). Denoted effects were investigated with the aim to evaluate potential of amorphous or nanocrystalline ferromagnetic alloys as materials for different applications [10] [11] [12] . Very interesting combination of amorphous ribbon with piezofiber laminates [13, 14] involves magnetoelectric (ME) composites as a new generation of multifunctional materials. Wang et al. [13] presented Metglas/PMN-PT fiber laminates as an excellent ME composite for low noise sensor of ultralow magnetic field (at frequency f = 1 Hz).
Magnetoelectric coupling effect (usually recognized as a combination of ferromagnetism and ferroelectricity) make multiferroic Fe doped BaTiO 3 (BTO) ceramics as a promising material for sensor application (for instance magnetic field sensor). Lin et al. were reported the highest room temperature saturation magnetization for Ba(Ti 0.93 Fe 0.07 )O 3 (BTFO) ceramics prepared by solid-state reaction [15] . The transition metal (M) codoped BTO ceramics (Fe/M, M=Cr, Mn, Ni) prepared by grinding of powder mixture also exhibit ferromagnetism at room temperature [16] . Recently, it was shown that the influence of thermal treatments for the Fe-implanted BTO films was followed with decrease of coercivity and enhancement of magnetization [17, 18] . Mechanical activation is well established preparation route for barium-titanate [19] and magnesium titanate (MTO) [20] based electroceramics.
In this study mechanical activation of BTFO powder mixture (with the same starting mass quantity of Fe and BTO) was followed with investigation of magnetic properties dependence vs. milling time interval and annealing temperature.
Experimental
The initial powder was the mechanical mixture of 50 mass % of Fe and 50 mass % of BaTiO 3 . The powder mixture was activated in planetary ball mill (Retsch PM 400) for 60 min, 80 min, 100 min, 120 min and 150 min at 300 rev/min. During the activation in the air atmosphere the iron powder oxidized, while the mass percent of the iron oxides Fe x O y and BaTiO 3 in the powder mixture was changed. X-ray diffraction (XRD: Bruker AXS D8 with Cu-K α radiation, λ= 0.154 nm) was used to analyze phase structure of the investigated samples. Mass percent have been calculated by full width of the peak at half maximum (FWHM method) by means of EVA 9.0 program. XRD analysis was performed for the powder mixtures activated for 80 min, (sample A), 100 min (sample B), 120 min (sample C) and for 150 min (sample D). Powder samples were pressed by 500 MPa in disc shaped samples with 8 mm in diameter.
Succesive o C were performed in air atmosphere. Thermomagnetic measurements in air atmosphere were conducted by Faraday method that presumes the influence of non-homogenic magnetic field on magnetic sample during heating [11] . The measurement sensitivity of the magnetic force was 10 -6 N in the applied magnetic field with intensity of H app = 9.6 kA/m. Sintering was performed at 1200 o C during 1hour in air atmosphere.
Results and discussion

X-ray diffraction analysis
XRD patterns of the powder mixture activated for 80 min, 100 min, 120 min and min are shown in Fig. 1 .
150
The analysis of results shown in Fig. 1 indicates that the increase in activation time of the powder is followed with increase of broadening of peaks in diffraction pattern while intensities of peaks decrease. Therefore, the mechanical activation of the powder causes the comminution of the powder particles and generation of defected powder structure. Fig. 3 . The results presented in Fig. 3 show that the increase of annealing temperature is followed with decrease of broadening of the peaks, as well as increase of intensity. Simultaneously, the changes in composition of samples were observed and given in Fig. 4 .
The results presented in Fig. 4 shows that the content of oxides Fe 2 O 3 and Fe 3 O 4 increases, while the content of FeO decreases with annealing temperature increase.
Results of thermomagnetic measurements
Experimentally obtained temperature dependences of normalized magnetic permeability during sucessive heating runs of the powder mixture samples (milled for 60 min, 80 min, 100 min, 120 min and 150 min) are shown in Figures 5, 6 , 7, 8 and 9 respectively. The analysis of the results shown in Fig. 5 to 9 indicates that the magnetic permeability of all samples during the annealing increases till the temperature of about 500 o C.
Curie temperature of the samples A, B, and C is about 570 o C, whereas for the sample D it increases and is about 600 o C. The increase in Curie temperature of the sample D (milled for 150 min), is caused by more stable powder structure obtained during previous annealing. The internal energy of the longest activated powder (150 min) is increased, which enable structural rearrangement during thermal treatments and it is followed by increase in Curie temperature. The dependence of magnetization (after thermal treatments) vs. annealing temperature for different milling time interval is shown in Fig. 10 . The results of the measurements shown in Fig. 10 indicate that the maximum magnetization of all samples is attained after annealing at 540 o C. The increase in magnetization upon the annealing at 540 o C is caused by the structural relaxation process of the powder mixture. The XRD analysis showed that during the activation, structural defects and mechanical microstrains are generated in powder mixture. This defects and microstrains act as a magnetic domain wall pinning centers and reduces their movement. Annihilation of defects and mechanical microstrains under thermal treatment improve the mobility of magnetic domain walls. Simultaneously, structural relaxation process enable better overlapping of electron 3d and 4s orbits of iron atoms. Therefore, the structural relaxation process during thermal treatement causes the increase of magnetization.
The diagram on Fig. 11 shows dependence of maximum magnetization (measured at room temperature) before and after annealing up at 540 o C vs. activation time interval. The results shown in Fig. 11 indicate that the maximum magnetization before and after annealing has the sample of powder mixture activated for 100 min, being M 0 = 3.42 emu/g before and M' = 3.57 emu/g after annealing . Therefore, magnetic moment of magnetite FeO·Fe 2 O 3 is generated only from Fe 2+ ions embedded in octahedral (B) positions. After 100 minute activation of initial as-prepared powder, the percentage of Fe 2+ ions in the powder reaches the maximum, which causes maximum magnetization. By increasing the activation time interval (τ > 100 min), the percentage of Fe 2+ ions in the activated powder decreases, which causes the decrease in magnetization of the pressed samples.
The diagram on the Fig. 13 shows the dependence of the normalized magnetic permeability of the samples B (100 min) and D (150 min) sintered at temperature of 1200 o C within one hour. as an evidence of coupling effect of ferromagnetism and ferroelectricity. Therefore, it can be concluded that the iron content in BTFO ceramics strongly affected both T FE and T FM temperatures. Analysis of the curves on Fig. 13 shows coupling between the ferroelectric and ferromagnetic order parameters.
Conclusion
Mechanical activation of BTFO powder mixture (with the same starting mass powders of Fe and BTO) was investigated over milling time and annealing temperature. The content of obtained BTFO powder mixture depends on the activation time.
It has been shown that with the increasing of activation time interval, the content of iron oxides FeO, Fe 2 O 3 and Fe 3 O 4 significantly changes. The magnetic properties of investigated samples obtained from pressed powder mixture were in direct coorelation with the presence of different iron oxides Fe x O y and their inter-relation.
The XRD analysis of the powder mixture activated for 80 min, 100 min, 120 min and 150 min showed that the increase in activation time interval is followed with the increase of involved structural defects and mechanical microstrains. Therefore, different magnetic properties were observed with activated samples. The process of structural relaxation proceeds during annealing treatment and enhancement of magnetic permeability were attained with all samples.
It has been shown that the maximum increase in magnetic permeability, at room temperature, is achieved upon the annealing to the temperatrure of 540 o C, when the structural relaxation process is finished. The maximum magnetization before and after annealing has the sample obtained from pressed powder mixture activated for 100 min, being M 0 = 
